Lithium-ion batteries, which offer a higher operating voltage and energy density, are key devices in today's portable electronic society. Commercial lithium-ion cells use lithium cobalt oxide cathodes, and the high cost and low capacity of cobalt has prompted the design and synthesis of alternate insertion hosts. Intensive effort has been focused on the various kinds of inorganic metal oxides, in particular the layered oxides, Li x M y O z , ͑M: V, Mn, Co, etc.͒, to improve the performance of the electrode materials. 1, 2 Layered lithium trivanadate, LiV 3 O 8 , has received considerable attention as a promising cathode material for rechargeable lithium batteries because of certain attractive properties, such as high specific capacity, easy preparation, and stability in air. 3, 4 According to Nassau and Murphy, 4 the electrochemical performance, such as discharge capacity, rate capability, and cycle life of LiV 3 O 8 , are strongly influenced by the preparation method. Many methods have been applied to fabricate LiV 3 O 8 particles, mainly the sol-gel method, rapid cooling, efficient grinding, hydrothermal synthesis, the dehydration method using aqueous lithium vanadate gel, microwave-assisted synthesis, and ultrasonic treatment. [5] [6] [7] [8] [9] [10] [11] [12] However, the electrical conductivity and viscosity of these oxide powders are extremely low. Therefore, the use of a conducting network and a binder is necessary in order to overcome these drawbacks. In general, carbon black and polyvinylidene fluoride ͑PVDF͒ are mixed with LiV 3 O 8 to solve the problem, but the addition of materials without electrochemical activity reduces the apparent energy density. 13, 14 As is well known, polypyrrole ͑PPy͒ is the most popular conducting polymer with the ability to store electric charges, and it also works well as a binder. [13] [14] [15] [16] [17] [18] The high electrical conductivity and electrochemical activity of PPy composites have been extensively studied, such as MnO 2 -PPy, 13 LiMn 2 O 4 -PPy, 14 V 2 O 5 -PPy, 15 sulfur-PPy, 16 and LiFePO 4 -PPy, 17 and their possibilities in the field of charge storage devices have also been pointed out. To the best of our knowledge, the synthesis of PPy-coated LiV 3 O 8 composite for use in lithium-ion batteries has not been reported yet. Herein, a low-temperature route is applied to synthesize highly homogeneous, uniformly dispersed, and structurally disordered LiV 3 
Experimental
Materials synthesis.-Lithium trivanadate, LiV 3 O 8 , was prepared by a low-temperature, rheological phase reaction. 10 The starting materials were analytically pure LiOH·H 2 O ͑Aldrich͒, V 2 O 5 ͑99%, Aldrich͒, and citric acid ͑Ͼ99% Sigma-Aldrich͒. First, stoichiometrically weighed amounts of LiOH·H 2 O, V 2 O 5 , and citric acid ͑1:1.5:4.8͒ were mechanically mixed in an agate mortar. A limited amount of distilled water was then added to the ground mixture to form a solid-liquid rheological phase. The mixture was then heated at 100°C for 12 h in a vacuum oven to evaporate the water, and a dark green precursor was obtained. Subsequently, the precursor was transferred to a porcelain crucible and sintered at 480°C for 12 h. A dark brown material was obtained.
LiV 3 O 8 -PPy composites were synthesized by an in situ oxidative polymerization method with sodium p-toluenesulfonate ͑PTSNa͒ as the dopant and FeCl 3 as the oxidant. The pyrrole was purified by distillation under atmospheric pressure prior to use. LiV 3 O 8 ͑1.0 g͒ was dispersed into a 100 mL solution containing 0.013 mol dm −3 PTSNa and 0.038 mol dm −3 pyrrole. The mixture was magnetically stirred while 50 mL of 0.24 mol dm −3 FeCl 3 solution was slowly injected into the aqueous solution. It was observed after injecting FeCl 3 that the color of the mixture changed from dark brown to black, indicating the deposition of PPy on the surface of the oxide particles. Stirring of the reaction mixture was maintained for 20 h. The LiV 3 O 8 -PPy particles were separated from the mixture via centrifugation at 4400 rpm for 1 h, then washed several times with distilled water and, finally, dried under vacuum at 60°C for 4 h.
Composition and structure determination.-The precursor was analyzed by thermogravimetric and differential thermal analyses ͑TGA/DTA͒ via Setaram 92 equipment to verify the sintering temperature. Precise PPy contents in the nanocomposites were determined by TGA. The powders were characterized by X-ray diffraction ͑XRD͒ using a Philips PW1730 diffractometer with Cu K␣ radiation and a graphite monochromator. Powder morphologies were investigated using a JEOL JSM 6460A scanning electron microscope ͑SEM͒.
Electrode preparation and coin-cell assembly.-The cathode was prepared by mixing LiV 3 O 8 or LiV 3 O 8 -PPy composites as active materials with 10 wt % carbon black and 5 wt % polyvinylidene fluoride ͑PVDF͒ binder in N-methyl-2-pyrrolidinone ͑NMP͒ solvent to form a homogeneous slurry, which was then spread onto aluminium foil to form the electrodes. The coated electrodes were dried in a vacuum oven at 100°C for 24 h and then compressed at a pressure of 150 kg cm −2 . The electrochemical char-acterizations were carried out using coin cells. CR 2032 coin-type cells were assembled in an argon-filled glove box ͑Mbraun, Unilab, Germany͒ by stacking a porous polypropylene separator between the electrode and a lithium foil counter electrode. The electrolyte used was 1 M LiPF 6 in a 50:50 ͑w/w͒ mixture of ethylene carbonate ͑EC͒ and dimethyl carbonate ͑DMC͒, provided by Merck KgaA, Germany.
Electrochemical measurements.-The cells were galvanostatically charged and discharged between 1.50 and 3.85 V at a constant current density of 40 mA g −1 at room temperature, using a Neware battery tester. The ac impedance spectroscopy was obtained by applying a sine wave of 5 mV amplitude over a frequency range of 100.00 kHz to 0.01 Hz using a CHI 660B electrochemical workstation system ͑CH Instrument, Cordova, TN͒.
Results and Discussion
TGA analysis of the precursor.- Figure 1 shows the TGA curve of the precursor, which was synthesized by the low-temperature solution route. The samples were heated from 60 to 700°C at a rate of 10°C min −1 in air. It can be observed that a weight loss of approximately 64% occurred between 115 and 400°C. Above 400°C, the amount of the reactant remained stable. Based on this result, the expected compound could be obtained by heating the precursor to 480°C. , when the Debye-Scherrer equation was applied to the ͑100͒ peak, it indicated a crystallite size of ϳ50 nm. This phenomenon has also been reported in the literature, which indicates that the dimensions of the materials are relatively small and fine in nature, with isotropic and strain-free crystallites. 6, 8, 19 The peak at about 14°i s assigned to diffraction at the ͑100͒ plane, indicating the layered structure of LiV 3 O 8 . These layers consist of VO 6 octahedra and VO 5 trigonal bipyramids, which are corner sharing with the octahedra. The Li cations are assumed to be intercalated between such layers. Figure 6 summarizes the 10th, 50th, and 100th charge/discharge curves for LiV 3 Fig. 6͒ . These voltage plateaus correspond to cathodic/anodic peaks and were translated into the differential capacity curves shown as insets in Fig. 6a and b and Fig.  7 . The profiles of the differential curves for both electrodes are nearly identical. The main anodic peaks appear at a potential of about 2.6-2.8 V, which is related to the insertion of Li + into LiV 3 O 8 . And, the cathodic peaks are located at 2.7-2.8 V, which indicates the extraction of Li + from LiV 3 O 8 . The intensity of these peaks in the LiV 3 O 8 electrode decreases with cycling ͑inset in Fig.  6a͒ , especially in the anodic region, indicating poor cycle stability, whereas the peak intensity for the LiV 3 O 8 -PPy composite electrode remains stable ͑Fig. 6b͒ upon cycling. As shown in Fig. 7 , at the 50th cycle, the LiV 3 O 8 -PPy composite electrode shows a higher peak intensity than the LiV 3 O 8 electrode, suggesting higher insertion capacity and faster kinetics for Li + intercalation/deintercalation in the LiV 3 O 8 /nano-PPy composite electrode.
Estimation of the amount of PPy in the LiV
The discharge capacities as a function of cycle number are compared in Fig. 8 . It was found that the initial capacity of the LiV 3 O 8 electrode is higher than that of the LiV 3 O 8 -PPy composite electrode. The first discharge capacities for bare LiV 3 O 8 electrodes are as high as 210 mAh g −1 . However, after 50 cycles, the capacity dropped rapidly to 126 mAh g −1 . Meanwhile, the first discharge capacity for the LiV 3 O 8 /nano-PPy composite electrode was 184 mAh g −1 . Subsequently, the material was stable, and the capacity remained above 183 mAh g −1 beyond 100 cycles. The cycle stability of LiV 3 O 8 -PPy composite electrode is best proven by the capacity retention curve as shown in Fig. 9 . The discharge capacity for the bare LiV 3 O 8 electrode after 100 cycles is relatively poor, which is 48% of the initial discharge capacity. In contrast, the LiV 3 O 8 -PPy composite electrode maintained high activity and excellent reversibility, with a capacity retention of about 98% after 100 cycles.
During cycling, the discharge capacity of the LiV 3 O 8 -PPy composite first increased, reached a maximum at the 10th cycle, and maintained a stable cycle life of ϳ183 mAh g −1 . The increase in the discharge capacity of the LiV 3 O 8 -PPy composite at the first 10 cycles is attributed to the increase in the intercalation of Li + ions into the composite. [23] [24] [25] It is believed that PPy particles are uniformly coated onto the surface of LiV 3 O 8 powders, which results in low diffusivity/intercalation of Li + ion at the initial stage. After a few cycles, some minor defects were found on PPy particles where more diffusion paths are provided for Li + ions to intercalate with LiV 3 O 8 particles and, thus, an increase in capacity was observed. To verify this concept, ac impedance measurements were conducted. The Nyquist plots obtained for LiV 3 O 8 -PPy composite electrode before cycle and after 10 cycles in the fully charged state are compared in Fig. 10 . The thickness of the electrodes was about 50 m with a coated area of 1 cm 2 . The diameter of the semicircle for the LiV 3 O 8 -PPy composite electrode is 135 ⍀ after 5 cycles and 95 ⍀ after 10 cycles. The diameters of both semicircles are much smaller compared with LiV 3 O 8 -PPy composite electrode before cycle ͑425 ⍀͒. The diameter of the semicircle represents the interparticle contact resistance. 26 Therefore, it can be assumed that the interparticle resistance was suppressed with the presence of PPy. When the high accessibility of Li + ions is coupled with the high electronic conductivity of the PPy, a good cycling performance of the LiV 3 O 8 -PPy composite electrode is achieved.
The improved cyclability of the LiV 3 O 8 -PPy composite electrode is verified by analyzing the surface morphology of the electrode after cycling. Figure 11 shows SEM images of both electrodes after 100 cycles. Larger cracks can be clearly observed in the bare LiV 3 O 8 electrode compared with the LiV 3 O 8 -PPy composite electrode, which confirmed that the well-dispersed PPy particles work well as both a conducting matrix and a binder for LiV 3 O 8 .
Conclusions
PPy-coated LiV 3 O 8 composites were successfully synthesized by a low-temperature solution method followed by an in situ polymerization method. The resulting composites exhibit excellent cyclability and high coulombic efficiency, with a specific capacity retention of ϳ183 mAh g −1 after 100 cycles. Our preliminary investigations on PPy composite with different oxides have suggested that PPy works well as a conducting matrix and a binder. More work on 
